Based on parabolic refractive x-ray lenses we have built a hard x-ray microscope that allows one to image the interior of opaque samples with submicrometer resolution. We have combined magnified imaging with tomography to obtain the three-dimensional structure of the sample at a resolution well below 1 m. Using an aluminum lens to record a magnified tomogram of a test sample ͑microprocessor͒, a resolution of slightly above 400 nm was found for the three-dimensional reconstruction. Lenses made of beryllium are expected to improve this resolution to well below 100 nm. The resulting challenges concerning instrumentation and numerical methods are discussed.
other microscopy techniques, such as visible light or electron microscopy, is the large penetration depth of hard x-rays that allows one to investigate the interior of opaque samples without the need to lay open the region of interest. By combining x-ray microscopy with tomographic techniques, the three-dimensional structure inside a specimen can be reconstructed with minimal sample preparation. In particular, the three-dimensional region of interest can be left untouched, widely avoiding the introduction of artifacts by sample preparation. Over the last few years, hard x-ray microimaging and tomography have been developed to sophistication, 1 in particular at third generation synchrotron radiation sources. 2, 3 It has caught the interest of many scientists in materials science, 4 biology, and medical science, 5 as well as in earth and environmental science. 6 Most commonly, microtomograms are recorded in simple projection with a high resolution x-ray detector based on a thin scintillator film being imaged by a visible light optic onto a charge-coupled device ͑CCD͒ camera. 2 The resolution of the best detectors is limited to slightly below one 1 m and is obtained at the expense of detector efficiency. 2, 7 However, for many applications submicrometer resolution is desired. Magnifying x-ray imaging can increase the resolution while alleviating the requirements on that of the detector. 8, 9 In this article, we describe an experiment in which we have built a hard x-ray microscope, based on parabolic refractive x-ray lenses, that can be used to record distortion free, magnified projection images of a sample with a resolution of about 300 nm. From a tomographic data set recorded with this microscope the three-dimensional ͑3D͒ structure of a sample can be reconstructed with unprecedented resolution in the hard x-ray range well below 1 m. 10 To determine the resolution, a fragment of a microprocessor with well defined 3D nanostructure was investigated. In this experiment, the 3D resolution was limited to slightly above 400 nm in a field of view of about 200 m by the diffraction at the aluminum refractive lens and the mechanics of the tomography stage. Using beryllium as lens material, this resolution is expected to be improved further to well below 100 nm in a field of view of about 1 mm. 11 In addition, the transmission of beryllium lenses is more than one order of magnitude higher than that of aluminum lenses, allowing one to decrease the exposure time by the same factor. As tomography requires the acquisition of a large number of images, exposure time is an important parameter. Exposure times in the range of seconds will allow recording of magnified tomograms on a routine basis. Parabolic refractive lenses made of beryllium can now be fabricated, and a first experimental characterization will follow soon.
In the x-ray microscope, a sample illuminated from behind is imaged by a parabolic refractive lens onto a high resolution position sensitive detector. Like in classical optics, a sharp image is formed at a distance L 2 ϭL 1 f /(L 1 Ϫ f ) behind the lens, where L 1 is the object distance and f the focal distance of the lens. 9 While the focal distance f and effective aperture D eff of the objective lens determine the imaging properties of the microscope, its transmission T p determines the exposure times. The lateral resolution is given by d t ϭ0.75 /2NA, 9 where is the wave length of the x-rays and NAϭD eff /(2L 1 ) the numerical aperture. The numerical aperture lies typically in the range from 10 Ϫ4 to 10 Ϫ3 , resulting in a depth of field d l ϭ0.64 /(NA) 2 of several millimeters. Consequently, the x-ray micrographs of samples with a thickness of up to several hundred micrometers are sharp projections. 12 For tomographic imaging, the sample is mounted on a rotation stage whose axis is perpendicular to the optical axis. To obtain a full tomographic data set, a number of projection images of the sample is recorded at equidistant steps in the angular interval from 0°to 180°. With a translation stage perpendicular to the optical axis the sample can be moved in and out of the field of view to record flat field images every several projections.
The high degree of spatial coherence at 40 to 60 m from a third generation undulator source makes it possible to image in both absorption and phase contrast. Phase contrast a͒ Electronic mail: schroer@xray-lens.de APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 8 images cannot be interpreted directly as projections but require phase retrieval prior to tomographic reconstruction. 13 In this study, we have suppressed the phase contrast by introducing a rotating diffuser ͑2.5 mm B 4 C powder between two thin glass plates͒ that reduces the spatial coherence before the sample. 14 For the absorption contrast images obtained this way, tomographic reconstruction is straight forward after flat and dark field correction, yielding the spatial distribution of the attenuation coefficient (x,y,z) throughout the sample.
During a user experiment at beamline ID22 of the European Synchrotron Radiation Facility ͑ESRF͒ in Grenoble, France, a magnified tomogram of a fragment of an AMD K6 microprocessor was recorded. At a photon energy of E ϭ24.9 keV an aluminum objective lens with Nϭ120 single lenses ( f ϭ1048 mm) was used to project the image of the sample located L 1 ϭ1098 mm before the lens onto the a 2D position sensitive detector ͑FReLoN2000͒ L 2 ϭ23.02 m behind the lens. In this geometry the magnification is 20.9ϫ, resulting in an effective pixel size of 131 nm in x-ray micrographs. For ideal aluminum parabolic lenses, the resolution of this setup is limited by a Gaussian Airy disc with d t ϭ230 nm full width at half maximum ͑FWHM͒.
The microprocessor sample was mounted on the sample stage such that the rotation axis was perpendicular to the microprocessor's plane. Figure 1 shows two flat and dark field corrected projections recorded by the x-ray microscope at 0°and 90°. The lateral size of the sample was 100 ϫ150 m 2 , fitting into the field of view of the microscope as observed from all angles of rotation. 15 As the sample is much smaller than the depth of field ͑d l ϭ2.5 mm for this setup͒, the x-ray micrographs are sharp projections of the sample.
Five hundred x-ray micrographs recorded at equidistant steps in the angular interval from ϭ0°to ϭ180°were each exposed for 40 s. After every ten images, the sample was moved out of the field of view to record a flat field image. Prior to tomographic reconstruction, all images are flat and dark field corrected. For faithful tomographic imaging, the eccentricity of the rotation stage and the repeat accuracy of the translation stage have to be smaller than the effective pixel size. As unwanted motion of both stages was not negligible in this experiment, a numerical correction of the position of the rotation axis as a function of the rotation angle had to be applied. Even with the best rotation stages available today ͑specified to an eccentricity Ͻ100 nm͒ the need for numerical detection and correction of unwanted sample motion will persist as the resolution of the microscope is pushed below 100 nm using beryllium lenses. The correction relies on the knowledge of certain features in the sample. Tomographic reconstruction was done using standard filtered backprojection. 16 A reconstructed slice through the second layer of tungsten plug vias of the processor is shown in Fig. 2 . Individual plug vias are clearly resolved. The 3D point spread function in the tomogram is formed by rotating the Airy disc around the rotation axis. This follows directly from the Fourier slice theorem. 16 In the case of the x-ray microscope considered here, the point spread function is a 3D rotationally symmetric Gaussian with a FWHM given by d 3D ϭd t . Accordingly, the modulation transfer function is a rotationally symmetric Gaussian as well. We quantify the resolution using two independent methods. First, we analyze the line profile through the tungsten plug array marked by a rectangle in Fig. 2͑b͒ . The profile is depicted in Fig. 3 together with a line profile of   FIG. 1 . ͑a͒ and ͑b͒ are two x-ray micrographs of a fragment of an AMD K6 microprocessor used as a test structure. They are part of a tomographic scan and were recorded perpendicularly to each other. The rotation axis is depicted as a dashed line in both images. The silicon wafer ͑bottom of each image͒ on which the processor is built yields almost no attenuation contrast. The tungsten plug connects of the semiconductor devices with the first layer of aluminum interconnects is seen as the dark, structured horizontal line at the bottom. Within four layers of oxide, the tungsten plug vias are visible as dark vertical bars, making the electrical connection between aluminum interconnects that lie on different oxide layers. The silicon, the oxides and the aluminum interconnects all attenuate the x-rays very weakly and yield no absorption contrast above the noise level in this experiment. 17 Toward the left and right sides of each projection the noise level increases as the image intensity fades at the outer parts of the field of view. the background measured at a distance of about 2 m parallel to the plug array. The average distance between neighboring plugs is 860 nm, and the line profile across the plug array shows periodic variations of the attenuation with that period. Using this variation and the difference between the average attenuations in both curves, the modulation transfer of the tomograph can be determined to 44%Ϯ5% for a period of 860 nmϮ5 nm. Fitting the Gaussian modulation transfer function to this value yields a resolution of d 3D ϭ410 nm Ϯ120 nm. Independently, we measured a width of 580 nm Ϯ60 nm for the image of individual plug vias in Fig. 2͑a͒ . The diameter of the tungsten plug vias was determined by scanning electron microscopy on a polished horizontal section to 400 nmϮ25 nm. Deconvolution of the cylindrical plug via with a 3D Gaussian point spread function yields a full width at half maximum size of d 3D ϭ420 nmϮ100 nm, in good agreement with the result obtained above.
The authors thank T. Hunger for taking scanning electron micrographs of the microprocessor sample and his help in interpreting the x-ray images.
contrast techniques. Longer exposure times or higher lens transmission ͑Be lenses͒ yield a larger signal to noise ratio. Fig. 2͑b͒ . The dashed line profile in the oxide parallel to and 2 m away from the array of plugs shows fluctuations due to reconstruction artefacts and noise and defines the reference contrast of the material surrounding the plugs.
